Abstract The paper focuses on the determination of fuel consumption (CO 2 emission) and exhaust emissions such as CO, HC, NO x , and PM in the process of timber extraction and transport. A complex assessment of fuel consumption and exhaust emissions was performed for the entire, fully mechanized supply chain including, tree felling, delimbing, and bucking with a harvester, timber extraction with a forwarder and transport with a truck. The performed investigations determined unit exhaust emissions (referred to 1 m 3 of timber) for the entire technological process and its individual stages. The investigations of the exhaust emissions and fuel consumption were performed under actual conditions of typical forest operations and transport. State-of-the-art portable emissions measurement system equipment was used for the measurements. The fuel consumption was determined through the carbon balance method. The investigations were performed for the process of extraction and transport of pulpwood. The measurements were performed on location in the town of Bębnikąt near Poznań, in a pinewood forest, typical of this part of Europe. The analysis includes the transport of timber to the lumberyard on a distance of 31.4 km. The total fuel consumption for the entire mechanized supply chain was 2.10 dm 3 /m 3 . The total exhaust emissions, however, amounted to: CO-8.91 g/m 3 , HC-1.19 g/m 3 , NO x -45.32 g/m 3 , PM-4.04 g/m 3 .
Introduction
Based on the results of meteorological observations, it is observable that the Earth's climate is undergoing certain changes (Räisänen et al. 2004) . Technological advancement leads to an increase in the emission of greenhouse gases, CO 2 in particular. One of the most important sources of this greenhouse gas is combustion engines used in transport, heavy machinery, and other equipment. Another aspect tightly related to the operation of combustion engines is exhaust emissions. Today, we know that exhaust components such as CO, HC, NO x , and PM are hazardous to human health. In the report published in 2012 International Agency for Research of Cancer (IARC), one of the World Health Organization (WHO) agencies informed that exhaust gas from diesel engines causes cancer (Press Release 2012) . Before the announcement, diesel exhaust gas was classified as probably carcinogenic. Upon analysis of the latest environmental research, the WHO scientists clearly stated that diesel exhaust gas is a cause of cancer (Kheifets 2012; Attfield et al. 2012; Silverman et al. 2012; Metz 2003; Vermeulen et al. 2014) . White et al. (2010) in Report of EPA (Environmental Protection Agency) based on decades of research on humans and animals confirms that particulate matter is carcinogenic and significantly contributes to the development of cancer, lung cancer in particular (Environmental Protection Agency 2002) . It is, thus, fully justified to perform any works related to the assessment and reduction of the exhaust emissions from engines, including those used in forestry. In the process of timber extraction, combustion of fuel is associated with commonly used machinery such as harvesters, forwarders, trucks, etc.
Timber logging in Poland amounts to 37 million m 3 per annum (Anon 2013) approximately 20% of which is fully mechanized logging using harvesters and forwarders (Szpojda 2013) . The share of harvesters in logging is growing, and one should expect this trend to continue in the coming years. Comparing the emission of key exhaust components one may observe that timber logging using harvesters is a more ecological solution than using handheld chainsaws (Lijewski et al. 2013) . The advancement of the mechanization process is a result of the necessity to increase the efficiency and operating safety. In many European countries the share of mechanized logging technologies is significant and frequently reaches approximately 90% (Sweden, Ireland, and Finland-Karjalainen et al. 2001) .
One of the main anthropogenic factors hazardous to the forest ecosystems is pollution emitted to the atmosphere, including that generated by the engines of vehicles and machinery. Air, as the fundamental component of biosphere, is a carrier for a variety of contaminants in the form of gases, dust and aerosols. Undoubtedly, air, its quality and contamination, is to be treated as impactful on the forest ecosystem, but not only. Following De Vries et al. (2000, a) , currently the main hazard factor in European forests, aside from climate conditions or extreme weather conditions, is the excess amount of nitrogen and sulfur compounds. It is noteworthy that combustion of fossil fuels generates greenhouse gases (CO 2 , CH 4 ) that, according to many hypotheses, facilitate a growth in the Earth temperature, hence, influence the climate change-one of the main factors impactful on the forest ecosystem. It is, thus justified to take up the problem of exhaust emissions during operation of forest machinery.
There are multiple publications related to the environmental aspects of logging. Many works are devoted to fuel consumption, energy efficiency and exhaust emissions. In literature, one can often find works discussing the determination of fuel consumption for the performed forest operations (Klvac and Skoupy 2009; Klvac et al. 2012; Nordfjell et al. 2003; Holzleitner and Kanzian 2011) . There are many findings discussing the energy consumption of such operations Berg 2005, 2010) . Other research discusses the determination of the emission of CO 2 (Berg and Karjalainen 2003; Dias et al. 2007; Engel and Wegener 2012; Oberscheider et al. 2013) . The mentioned research findings include different methods and indexes characterizing the logging operations but the idea behind these indexes is, in general, the same. Irrespective of the fact whether the index directly describes fuel consumption, energy consumption or the emission of CO 2 , it still determines the energy consumption during field operations and subsequent transport. In the above-mentioned studies, the methods of fuel consumption also differ (it is either a direct parameter method of fuel tank top-up or it is a result of a measurement performed via the CAN bus of the machine).
Among publications related to the determination of emissions of GHG, mainly CO 2 , and other exhaust emissions (CO, HC, NO x , and PM) during mechanized logging, there are no works based on direct measurements since such research possibilities surfaced only a few years ago. Most of the available publications on exhaust emissions are based on estimations. Engel and Wegener (2012) focused on the comparison of the emission of greenhouse gases for three different methods of logging and transport of timber and the emission of GHG (CO 2 ) was estimated based on data available in literature. Such an approach is not uncommon. Other researchers (Berg and Karjalainen 2003; Lindholm and Berg 2005; Dias et al. 2007 ) also very often use data available in the literature. Determination of GHG and exhaust emissions is very often performed based on the fuel consumption (Oberscheider et al. 2013; Klvac and Skoupy 2009) or based on the emissions determined in laboratory tests (Athanassiadis 2000) .
Most frequently, the subject described in the publications is the fuel consumption (CO 2 emission) during mechanized logging and subsequent transport. The emission of CO 2 from a harvester engine was studied by Athanassiadis (2000). The investigations described by this author focused on the comparison of the exhaust emissions for diesel fuel and RME (rapeseed methyl esters). The problem of greenhouse gases during logging operations was also described in the works of Berg and Karjalainen (2003) , Karjalainen and Asikainen (1996) . In these papers, the fuel consumption and CO 2 emission of a harvester were compared during logging and a wide variety of silvicultural treatments in Sweden and Finland such as: felling, extraction, transport of timber as well as operations in the stand establishment and those related to forest improvement work. A similar scope of works has been described by Berg and Lindholm (2005) and Dias et al. (2007) . Interesting research results of a comparative nature have been presented in Engel and Wegener (2012) . The subject of the analysis was the emission of GHG for different methods of logging and transport of timber. The fuel consumption in the transport phase was the subject of research and analyses conducted by Holzleitner and Kanzian (2011) . The research described by these authors covered the analysis of transport of timber by a truck on different distances in a selected region of Austria. Another example of analyses of fuel consumption during transport of timber is investigations described by Lindholm and Berg (2005) . In this work they compare the energy consumption of a complete transport system (i.e., well-to-wheel efficiency) for different means of transport, including vehicles fueled with alternative fuels. Analyses of fuel consumption and exhaust emissions were also performed by Nordfjell et al. (2003) and Klvac et al. (2012) . In these works, the fuel consumption and emission of CO 2 was compared for logging using a forwarder and a cable system. What is characteristic of the said publications is that beside the analysis of fuel consumption and exhaust emissions the authors also analyzed the logging efficiency (Berg and Karjalainen 2003; Dias et al. 2007; Johansson 1996; Nordfjell et al. 2003) . The efficiency of forest operations is an issue tightly related to the energy consumption of these operations and exhaust emissions, which is why it is fully justified to consider these issues at the same time.
A common feature of most of the publications describing the exhaust emissions is the use of indirect methods that in fact are more like estimations. The investigations described in this paper significantly differ from those described in literature, because for the determination of the exhaust emissions and fuel consumption the authors used a PEMS analyzer (portable emission measurement system). World literature does not provide results of such works. The use of the PEMS equipment enables a direct measurement of the exhaust emissions under actual conditions of operation of machinery and vehicles. For the assessment of environmental performance of vehicles and machines, tests under actual conditions of operation are of paramount importance. Only then, can we obtain full information on real exhaust emissions and fuel consumption. A downside of such a type of research is the high cost of the measurement equipment and the need to adapt the vehicle to the tests. The obtained results, however, are reliable and unobtainable in laboratories on engine/chassis dynamometers. Today, the PEMS measurements are applied increasingly (Giannelli et al. 2010; Karim 2013; Merkisz et al. 2014; Lee 2013) . The evolution of the legislation aims at a wider introduction of this type of measurements in the homologation procedures of engines, vehicles and machines. Because of the potential and research possibilities (actual conditions of operation), these measurements become increasingly important and in the future they will become some of the main methods of vehicle testing in terms of emissions and fuel consumption. It is noteworthy that tests performed under actual conditions of operation are becoming significant as they are the only method of a true validation of the actual exhaust emissions and fuel consumption.
The main aim of the paper is determining the exhaust emissions and fuel consumption for individual stages of mechanized timber extraction. An additional aim was establishing of the usefulness of the PEMS method in testing forest machinery.
Materials and methods
The exhaust emissions tests were performed for the process of logging and transport of timber (pulpwood of the length of 2 m). The investigated extraction area was approx. 6 ha while the tests were performed on an area of approximately 2 ha. The measurement included a complete supply chain, from tree felling to transport of timber to the lumberyard. The tests were performed on a harvester, forwarder and a truck. The basic data of the vehicles and engines are shown in Table 1 . The measurements of the exhaust emissions (CO 2 , CO, HC, NO x and PM) were performed under actual conditions of operation of the machinery in the forest. The tests were performed in the moderately humid coniferous forest located on a flat terrain on spodic soils. The measurements were carried out in the town of Bębnikąt (Wielkopolska) in a pinewood forest, typical of Poland and this region of Europe.
The first tested machine was a harvester (John Deere 1270E) that was used in tree felling, delimbing, and processing of the delimbed stems into assortments. The trees were felled at their rotation age: The tree age was 98 years, whose diameter at the cutting point was 20-40 cm. Based on the measurement, the authors determined that the harvester had covered a total distance of 2.3 km during the tree cutting process. The second stage of the research was the measurements of exhaust emissions from the forwarder John Deere 1210E engine of a load rate of 13.0 tons while extracting the logs and forming the stack. The average extraction distance was 400 m, and the average speed of the forwarder was 7 km/h. The emission measurements on the harvester and the forwarder took approximately 3 h. In this time, the harvester processed 65 m 3 of timber and the forwarder completed three full transport cycles. During each transport cycle about 9 m 3 of timber was transported. The last stage was measurements performed on the engine of a truck transporting timber from the forest to the lumberyard. The tested vehicle was MAN TGA. This stage included the loading process, the trip to the destination (31.4 km, 3.8 of which was an unpaved road-0.38 h, and 27.6 was a paved one-0.66 h), and the unloading process. The measurement was performed on a loaded vehicle for one direction of the test run only. The average speed of the truck in the forest was 10 km/h and on the paved road 42 km/h. The trajectories of the forwarder and the truck were determined by the GPS system. The measurements were performed for two trips, each lasting approximately 2 h including loading. In these runs, 26.4 and 25.2 m 3 of timber was transported. The machines adapted and ready for the tests are shown in Fig. 1 . The fuel consumption was determined through the carbon balance method according to the procedure adopted by EPA. This method is commonly accepted worldwide as the most accurate method determining the fuel consumption. In this method, the fuel consumption is calculated based on the emission of CO 2 . The combustion of 1 kg of diesel fuel generates 2.77 kg CO 2 . In the investigations, the authors measured the exhaust gas mass flow (kg/h) and CO 2 concentration on the basis of which the mass of the generated CO 2 was obtained.
The exhaust emissions measurements were carried out with a portable analyzer (Semtech DS by Sensors Inc.) It measures the concentration of exhaust components and the mass flow of exhaust gas and, at the same time, records the engine parameters. The entire volume of the exhaust gas is directed to the mass flow meter, and through a heated line (191°C), a sample of the exhaust gas is fed to the analyzer. The exhaust gas is then filtered, and the concentration of the exhaust components is measured. The measurement of the concentrations of CO 2 and CO is done with the non-dispersive method using an infrared analyzer NDIR (non-dispersive infrared), while HC is measured with FID (flame ionization detector). Subsequently, the exhaust gas is chilled to the temperature of 4°C, and the concentration of NO x is measured in the non-dispersive analyzer using ultraviolet (NDUV-nondispersive ultraviolet). Together with the measurement data, the system records engine and vehicle parameters (engine speed, engine load, coolant temperature, etc.) from the diagnostic and GPS systems. For the measurement of the particulate matter, Semtech LAM (Laser Aerosol Monitor) by Sensors Inc. was applied. This analyzer uses laser light dispersion by the gas particles. Semtech LAM determines the real-time concentration of PM in the exhaust gas. It can be used as a stationary analyzer or a portable one (for actual traffic operation). /6 in line 324@1900 rpm 2100@1000-1400 rpm Euro IV 39,000 km
Fig. 1 Forest machinery and measurement equipment during the measurements
The investigations determined the unit fuel consumption and unit emission of CO 2 , i.e., referred to 1 m 3 of obtained timber. The authors decided on such an interpretation of the results because it is of a much more universal nature compared to the results referred to the unit of time. The proposed assessment of fuel consumption contains information on the efficiency of performed works where efficiency is construed as energy needed to obtain a unit result. In the analyzed case the result was 1 m 3 of timber.
Results and discussion
It is to be stressed that efficiency depends on a variety of factors, e.g., type of timber (size of the logs-diameter and length), terrain conditions, machine operator skills, ambient conditions as well as the machine used and its technical condition. Hence, the results presented in the paper pertain to an individual specified case. The used method allows considering these factors in the investigations. The aim of the research, however, was different and focused on the assessment of the energy demand for the entire technological process of logging based on a new method not yet applied in investigations on forest machinery. Analyses including the influence of the above-mentioned factors will be a subject of future research. The fuel consumption and CO 2 emission in individual stages of the process are shown in Table 2 . The table shows that the most energy demanding stage was the tree felling, logging, and maneuvering performed by the harvester, while the least demanding was the work performed by the forwarder. The share of the fuel consumption of the harvester in the entire technological cycle was 38%, while the transport to the lumberyard constituted 35% of the fuel consumption (Fig. 2) . The transport of timber from the stand to a landing with the forwarder was 27% of the fuel consumption of the entire cycle. The authors also performed an analysis of energy consumption of individual stages of operation of the forwarder and observed that the greatest fuel consumption (as much as 53%) is generated by timber loading and maneuvering, and the smallest fuel consumption, by transport. Nordfjell et al. (2003) has observed similar proportions for 20 and 21 ton forwarders as well as for the loading of sawlogs.
The fuel consumption for the entire technological process was 2.10 dm 3 /m 3 (2112 g CO 2 /m 3 ). This result is difficult to compare with other works because there are no publications on comprehensive measurements covering the entire process from tree felling to transport to the lumberyard. The authors decided to scrutinize individual stages of the process, analogically to the used machinery: harvester, forwarder, and truck. In the described research, the harvester used 0.80 dm 3 /m 3 of fuel, which generated CO 2 in the amount of 2112 g/m 3 . The harvester fuel consumption results described by other authors differ from those presented in this paper. Athanassiadis (2000) has observed the fuel consumption of 1.14 dm 3 /m 3 (CO 2 3030 g/m 3 ). A greater fuel consumption for the harvester has also been observed by Klvac et al. (2003) (maritime pine stands). Another example is the investigations described by Karjalainen and Asikainen (1996) , who measured the emission of CO 2 from the harvester (1857 g/ m 3 ). This emission was lower than the one stated in this paper. For comparison with other works, hourly fuel consumption has also been considered according to Berg and Karjalainen (2003) . For the harvester, it falls in the range between 12 and 16.5 dm 3 /h, while in the measurements described in this paper the authors obtained a value of 17.4 dm 3 /h. In majority of the listed results, the fuel consumption (emission of CO 2 ) was similar compared to the ones described in this paper.
For the forwarder and the truck, the fuel consumption depends mainly on the covered distance, as well as on other factors travel speed, road surface conditions, etc. This factor is decisive in the analysis of fuel consumption and exhaust emissions. In the presented forwarder investigations, the observed fuel consumption was 0.57 dm 3 /m 3 (1505 g CO 2 /m 3 ). In the publications of other researchers (Nordfjell et al. 2003) , the fuel consumption by the forwarder for a similar distance (extraction distance 400 m) was approximately 0.27 and 0.33 dm 3 /m 3 depending on the type of used machine. Berg and Karjalainen (2003) in their investigations of a forwarder have obtained the fuel consumption of 0.53 dm 3 /m 3 for the extraction in Finland and 1.03 dm 3 /m 3 for the extraction in Sweden. The investigations were carried out on forwarders of a load rate greater than 10 t. The authors claim that such a big difference results from varied extraction distances in Finland and Sweden.
During the transport stage from the cutting site to the lumberyard, the vehicle consumed 0.73 dm 3 /m 3 of fuel. The divergence between the obtained results and the results presented in other publications confirm the complexity of the problem and the influence of many factors on the final result. Thus far, none of these factors were considered simultaneously.
Like fuel consumption, exhaust emissions were determined for individual stages as well (Table 3 ). The exhaust emissions from the logging operations (transport not included) were investigated by Athanassiadis (2000) . According to his calculations, the emission of individual exhaust components was: CO-37.33 g/m 3 , HC-8.03 g/ m 3 , NO x -70.48 g/m 3 , PM-5.83 g/m 3 . The emission presented in this paper is lower. The differences most likely result from the fact that Athanassiadis (2000), rather than direct measurements, used the emission factors from the literature. The reason for lower emissions may also be the fact that a machine of newer generation was used for the tests.
The energy demand for timber transport by a truck depends mainly on the distance covered by the truck. It is usually a distance of several to several 100 km, which is why the measurement results were referred to 1 km of covered distance. The results are, thus, more universal (Fig. 3) . In the discussed investigations the fuel consumption of the truck was 0.023 (dm 3 /m 3 /km with the emission of CO 2 on the level of 61.53 (g/m 3 /km)). Referring the results to the road conditions, the fuel consumption of the truck was 0.371 dm 3 /km and the emissions of CO 2 -988.47 g/km.
In light of the growing interest in the measurement of exhaust emissions under actual conditions of operation, a comparison of exhaust emissions with the admissible limits in the homologation procedure appears interesting. For diesel engines, the emission of PM and NO x is of key importance, and the reduction of these emissions is the most difficult. Tests performed under actual conditions of operation are not yet included in the non-road vehicle homologation procedure in Europe. A pilot program is still underway and the final version of legislation is being prepared (Draft Proposal 2013). In the USA, such tests are already performed for some categories of vehicles and the admissible emission limits in the tests are determined as a multiple (compliance factor) of the admissible limits for laboratory tests. For the tested harvester and forwarder, the emission of PM under actual conditions of operation exceeds the emission limits 2.13 and 1.53 times, respectively, while the emission of NO x ? HC for the harvester is greater by more than 50% (Fig. 4) . What is characteristic is that the emission of CO for both machines under actual conditions of operation is much smaller than the admissible limits. For the forest truck, the emission of PM and NO x under actual conditions of operation is greater than the admissible limits (Fig. 5) . The vehicles analyzed in the paper were not subject to exhaust emission tests under actual conditions of operation in the homologation procedure. The then procedures did not provide for this type of measurements. The presented comparison, however, is interesting as it provides a view on the actual emission and shows how it differs from the admissible limits. It is also an argument speaking for the implementation of real driving emission tests in the homologation procedure.
Conclusions
The summary of the investigations and their analysis confirms the validity of the method of measurement under actual conditions of operation using the PEMS equipment.
The selected measurement method allowed a very accurate determination of the fuel consumption and exhaust emissions from the forest machinery during forest operations and transport to the lumberyard. These are some of the first investigations ever, utilizing the PEMS equipment, and, it is to be stressed that this method creates a great research potential and should be used for further research of forest machinery in operation. In the future, the authors plan to extend their research to other machines and different types of forests, as well as investigate not only the particle mass but also its number and size distribution. Based on the performed investigations and analyses, it has been observed that the greatest fuel consumption in the entire process of timber acquisition is generated by the operation of the harvester. The share of this stage in the process is 38%. It should be added that the results are given for certain conditions under which the tests were performed, e.g., specified length of the truck runs. It is noteworthy that the transport of timber may have a greater share in the process only because it depends on the distance covered by the truck-for greater distances, this stage will most likely have a greater share. The harvester operation also generated the highest emission of NO x and PM-exhaust components that are most problematic for diesel engines. The emission of CO and HC was greater for the forwarder. The performed research also confirms that the exhaust emissions under actual conditions of operation significantly deviate from the emissions of the homologation tests, which is why it is fully justified to apply this method in the homologation procedure. The conditions of the currently applicable homologation procedure are not representative of real operation; therefore, such procedure should be changed. In the future, homologation tests should be conducted under actual operating conditions or under conditions that reflect actual work in a better way. 
